Abstract-In this paper, charging mode of series resonant converter for a high voltage energy storage capacitor are compared in terms of charging time, losses of switch, peak resonant current, voltage and switch utilization in each operation mode. Operating principles of the full bridge series resonant converter with capacitor load are explained and charging characteristics are analyzed in discontinuous and continuous operation mode. Based on the analysis and the simulation focused on above five performance indexes, 0.65ω r < ω s < 0.75ω r is evaluated to the best range of switching frequency for charging of an energy storage capacitor. 1.8 kJ/s SRC prototype is assembled with TI 28335 DSP controller and 40 kJ, 7 kV capacitor. Design rules based on the comparative analysis are verified by experiment.
INTRODUCTION
In the pulsed power system for Electromagnetic Launcher (EML) using a pulsed energy of a high voltage and high current, capacitor bank is widely used as energy storage equipment. In the capacitive pulsed power system, capacitor charging power supply (CCPS) which charges the capacitor bank is important component and designed considering switching frequency, charging time, efficiency, switch utilization and electromagnetic compatibility, etc. In the field of CCPS, resonant topologies such as series resonant type, parallel resonant type, series-parallel resonant type and LCL-T resonant type are preferred to PWM topologies because the resonant converters operate advantageously in the various load conditions such as short or open circuit [1] - [11] . Among the resonant topologies, series resonant topology is frequently adopted in the CCPS because it has simple circuit, constant current, constant characteristic impedance and constant resonant frequency even in a wide range of load conditions [4] - [11] . When the CCPS of series resonant type operates in the discontinuous conduction mode (DCM), it can achieve zero voltage, zero current turn-off and zero current turn-on of main switches. And resonant current and switching frequency is precisely proportional. Therefore, many applications operate in the DCM whose switching frequency is below a half of the resonant frequency [4] [8] [11] . But charging time is relatively increased in the DCM because average charging current is smaller than the continuous conduction mode (CCM) in the condition of the same characteristic impedance. In this paper, an effective switching frequency range of series resonant CCPS is studied. Charging characteristics according to the variation of switching frequency in condition of fixed characteristic impedance and are analyzed by simulation in terms of charging time, loss of switch, normalized peak resonant current, voltage and switch utilization in three operation modes. 1.8 kJ/s full bridge series resonant converter is constructed and tested in terms of charging time. Simulation and experimental results based on the above performance index are described.
II. OPERATING PRINCIPLES OF SERIES RESONANT
CONVERTER WITH CAPACITOR LOAD Figure 1 . Series resonant converter with capacitor load Fig. 1 shows a full bridge series resonant converter with capacitor load where all the stray resistance of circuit are neglected and switches, diodes, transformer is ideal. This circuit can be operated with 3 modes such as on discontinuous conduction mode (ω s < 0.5ω r ), two continuous conduction modes (0.5ω r < ω s < ω r or ω s > ω r ). Each mode of operation is divided into 4 modes according to the conduction path of S 1 ~ S 4 and D 1 ~ D 4 as shown in Fig. 2 . In the discontinuous conduction mode, there exist additionally the discontinuous sections where all switches and diodes are not conducted. In mode 1, S 1 and S 2 conduct and positive resonant current (i Lr ) flows. Due to the secondary voltage (v sec ) is positive, D 5 and D 6 conduct. In mode 2, reverse resonant current naturally cause D 1 and D 2 to conduct in ω s < ω r as shown in Fig. 3 -(a), (b) whereas forced turn-off of the S 3 and S 4 cause D 1 and D 2 to conduct in ω s > ω r as shown in Fig. 3-( In mode 1, resonant current i Lr (t) is expressed as follows [10] :
Where, Z r is characteristic impedance, C is series combination of C o ' (=n 2 C o ) and C r , L is the sum of resonant inductor (L r ) and leakage inductance of the transformer. Using (1), resonant capacitor voltage v Cr (t), the reflected load capacitor voltage v p (t) can be evaluated as, (3) (4) In the same manner, resonant current and resonant capacitor voltage and reflected load capacitor voltage in mode 2, 3 and 4 can be evaluated using initial values in each mode.
III. ANALYSIS OF CHARGING CHARACTERISTICS

A. Charging Time
From (1), in the discontinuous mode (ω s < 0.5ω r ), average charging current I o ' reflected in the primary side can be decided as (5) through the assumption of |v p (t)| is constant as V P at t = t 0 , t 1 , t 3 , t 4 during one period. At this mode, it is easy to calculate a charging time because I o ' is the function of switching period, resonant frequency and input voltage [11] . But, in the continuous mode (0.5ω r < ω s < ω r , ω s > ω r ), primary reflected value of average charging current I o ' is appeared to time-varying function as (6) (7) (5) (6) In ω s < 0.5ω r , zero-voltage, zero-current turn-off and zerocurrent turn-on is achieved. So, the switching losses of S 1 ~ S 4 and D 1 ~ D 4 is minimized. In 0.5ω r < ω s < ω r , S 1 ~ S 4 are forced commutated. Therefore, turn-on losses of S 1 ~ S 4 and turn-off losses at D 1 ~ D 4 due to reverse recovery characteristics are simultaneously generated at A and B point in Fig. 3-(b) . In ω s > ω r , turn-off losses at S 1 ~ S 4 is generated at C and D point in Fig. 3-(c) . Energy dissipation of generated at S 1 and D 1 at turn-on and turn-off is calculated as (12) (13). Total energy dissipation generated by switching of four IGBT during whole charging interval are expressed as (14) (15). where, E SR is the rated switching energy dissipation given for reference commutation voltage V R and current I R . v S1 and i S1 indicate actual commutation voltage and current respectively. k represents switching moment for each switch during the charging interval.
C. Switch Utilization
Switch stress of the converter is expressed by peak voltage across switch and peak current flowing through switch as (16). Switch utilization per a unit switch can be defined as (17) [13] . 
D. Analysis of Charging Characteristic of SRC
Before constructing a prototype of the converter, input voltage, target voltage, load capacitance and charging time is scaled-down as shown in Table I . And normalized voltages, currents and powers of the downscaled specification are nearly identical to the objective specification. So, it is estimated that the characteristics of downscaled specification for simulation and experiment follows the characteristics of objective specification overall. To analyze the charging characteristics concerning the three modes, normalized peak resonant voltage and current, charging time, loss of switch (conduction loss, turn-on loss and turn-off loss) and switch utilization as the variation of switching frequency are calculated using the PSIM software in the basis of the downscaled specification as shown in Table I . Table II. shows coefficients of IGBT used in the calculation of loss. Fig. 4 shows normalized peak resonant voltage and current, charging time, switch utilization, average power in terms of varying ω s . Fig. 5 shows switch losses as the variation of ω s . During ω s < 0.5ω r , I PN is uniform and losses are minimized because there exist only conduction losses. As ω s is decreased, charging time t c is increased, switch stress is uniform but average power P AV is decreased and switch utilization U is decreased. As ω s approach to the ω r , I PN is increased, charging time t c is decreased and U is increased, but conduction and turn-on losses are gradually increased. As ω s is increased above the ω r , I PN , t c , U and conduction losses are symmetrical with ω s < ω r . But, turn-off losses are gradually increased from the point in ω s /ω r =1.25 as the switching frequency is increased. Therefore, charging characteristics of the series resonant type's CCPS in condition of Z r =15.86 Ω are summarized as follows:
• I B is below 2.5 in range of ω s < 0.75ω r and ω s > 1.3ω r .
• V B is below 3 in range of ω s < 0.75ω r and ω s > 1.2ω r .
• Charging time is reduced above 30 % of charging time of ω s =0.5ω r in 0.65ω r < ω s < 1.35ω r .
• U is above 20 % in 0.65ω r < ω s < 1.15ω r .
• Switching losses are most minimized at the point of ω s = 0.5ω r . In ω s < 0.75ω r , total switch loss is below 5 %. It is concluded that recommended operating range is 0.65ω r < ω s < 0.75ω r by above two cases of analyses.
IV. DESIGN PROCEDURE OF SERIES RESONANT TYPE CCPS
After input voltage V i , target voltage V o , output capacitance C o and charging time t c of CCPS is specified, average power P AV of CCPS is defined as (18). Turn ratio of transformer n is decided by considering input voltage and target voltage, reflected primary average output current I o ' is calculated by (8) . In ω s < 0.5ω r , (5) can be rewritten as (19) and compounded capacitance C is calculated by substituting the switching frequency which has been decided considering the stress of switching device. After the compounded capacitance is decided, compounded inductance and characteristic impedance is also calculated by (2) (18) (19) Table III . shows specification of CCPS for 1 MJ capacitor bank. Design steps at ω s = 0.5ω r is as follows:
To verify the proposed comparative analysis and design rules, a prototype of the SRC with capacitor load is constructed with the downscaled specification of Table I . Parameters of the converter are as follows: V i = 300 V, V o = 3.3 kV, L = 65 μH, C = 0.243 μF, f r = 40 kHz, C o = 1640 μF, turn ratio of transformer is 11. Fig. 6 and Fig. 7 show the detailed schematic and photographs of the experimental setup which consist of 1.8 kJ/s SRC, TI 32 bit floating point processor 28335 controller, 40 kJ, 7 kV, 1640 μF capacitor (ICAR). Fig. 8 shows waveform of voltage and current at f s = 16 kHz ~ 26 kHz and experimental results are summarized at Table IV . A small error of charging time between ideal simulation and experiment is resulted from a resistance of practical devices and stray capacitance of transformer which works for a parallel resonant capacitor. Fig. 9 shows difference of charging time about 3 cases of simulation which are ideal simulation ignoring the resistance and capacitance, the simulation added resistances and experimental result. Figure 9 . Error of charing time VI. CONCLUSION In this paper, charging modes of series resonant converter for a high voltage energy storage capacitor have been compared in terms of charging time, losses of switch, peak resonant current, voltage and switch utilization in each operation mode. Operating principles of the full bridge series resonant converter with capacitor load has been explained and charging characteristics are analyzed in discontinuous and continuous operation mode. Based on the analysis and the simulation focused on above five performance indexes, 0.65ω r < ω s < 0.75ω r is evaluated to the best range of switching frequency for charging of an energy storage capacitor.
